Dental caries is the most common chronic infectious disease globally. The microbial communities 46 associated with caries have mainly been examined using relatively low-resolution 16S rRNA gene 47 amplicon sequencing and/or using downstream analyses that are unsound for the compositional 48 nature of the data provided by sequencing. Additionally, the relationship between caries, oral 49 microbiome composition, and host immunological markers has not been explored. In this study, 50 the oral microbiome and a panel of 38 host markers was analyzed across the saliva from 23 51 children with dentin caries and 24 children with healthy dentition. Metagenomic sequencing, 52 followed by investigation using tools designed to be robust for compositional data, illustrated 53 that several Prevotella spp. were prevalent in caries, while Rothia spp. were associated with the 54 health. The contributional diversity (extent to which multiple taxa contribute to each pathway) 55 of functional pathways present in the oral microbiome was decreased in the caries group. This 56 decrease was especially noticeable in several pathways known to impede caries pathogenesis, 57 including arginine and branched-chain amino acid biosynthesis. 10 host immunological markers 58 were found to be significantly elevated in the saliva of the caries group, and microbe-metabolite 59 co-occurrence analysis provided an atlas of relationships contributing to the bi-directional 60 influence between the oral microbiome and the host immune system. Finally, 527 metagenome-61 assembled genomes were obtained from the metagenomics data, representing 151 species. 23 62 taxa were novel genera/species and a further 20 taxa were novel species. This study thus serves 63 as a model analysis pipeline that will tremendously expand our knowledge of the oral microbiome 64 and its relationship to dental caries once applied to large populations. 65
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RESULTS
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Study design ( Figure 1A) . Details of the clinical sampling, as well as inclusion and exclusion 146 criteria are provided in the MATERIALS AND METHODS section. In brief, 47 participants aged 4-11 147 received a comprehensive oral examination, and their dental caries status was recorded using 148 decayed (d), missing due to decay (m), or filled (f) teeth in primary and permanent dentitions 149 (dmft/DMFT) by a clinician (Fig 1A) . A summary of the collected subject metadata is provided in 150 Table S1 . Subjects were dichotomized into two groups: healthy (0 decayed, missing, or filled 151 teeth [DMFT]), or caries (³ 2 active caries lesions with penetration through the enamel into the 152 underlying dentin, only lesions at least 2 mm in depth were considered). All subjects provided 2 153 ml of unstimulated saliva and 2ml of stimulated saliva, which was clarified by centrifugation. DNA 154 was extracted from the stimulated saliva samples and subjected to Illumina sequencing and 155 metagenomics analysis as described in MATERIALS AND METHODS. The concentration of 38 156 immunological markers in the unstimulated saliva samples were determined using a multiplex biplot ( Figure 3B ), and disease status was less associated with functional than taxonomic pathway 248 beta diversity (PERMANOVA, P = 0.016 vs 0.003). This reduction in variance made it difficult to 249 interpret whether any pathways were correlated to disease status. Rare, low abundance features 250 were most strongly associated with the caries group, while several pathways, including anaerobic 251 and aerobic energy metabolism, were associated with health as shown in results from DEICODE 252 ( Figure 3B ) and Songbird (Table S5 ). One of the advantages of HUMAnN2 is the ability to stratify 253 pathways by taxa and examine contributional diversity, the extent to which multiple taxa contribute 254 to particular functional pathway (34) . Across the 69 core functional pathways which were present 255 in all 47 samples and had more than 3 contributing taxa, contributional diversity was decreased 256 in the caries group compared to the healthy group ( Figure 3C ). This was more noticeable along 257 the x-axis, corresponding to alpha diversity, and congruent with the data provided in Figures 3A   258 and B, which was agnostic to contributing taxa. Contributional diversity was examined for several 259 specific pathways identified as health-associated in Songbird, and several pathways that have a 260 well-established connection to the prevention of caries pathogenesis, including arginine 261 biosynthesis (35), unsaturated fatty acid biosynthesis (36), branched-chain amino acid (BCAA) 262 biosynthesis (37), and urea metabolism (38) . The differences seen in several of these pathways 263 were particularly striking ( Figures 3D-H) . Overall, the data from the functional analyses of the 264 oral microbiome indicates that there is less variation between caries and health in terms of 265 functional pathways compared to taxa. However, several pathways were clearly associated with 266 the healthy samples, including several where the physiological relationship to caries pathogenesis 267 is understood. 268 269 10 host salivary immunological markers are more abundant in the saliva of children with 270 caries than children with good dental health, and co-occur with Prevotella histicola,
271
Prevotella salivae, and Veilonella atypica. To investigate differences in the oral immunological 272 profile of healthy children compared to children with caries, a Luminex bead assay was used to quantify 38 known immunological markers. Of these 38 molecules, 7 were at undetectable levels 274 in >50% of the samples (the columns on the far right of Table S1 , with a grey background), and 275 thus were not analyzed further. Based on a Welch's t-test, 10 of the remaining salivary 276 immunological markers were found at significantly higher concentrations in the saliva of children 277 with caries. These were: epidermal growth factor (EGF), interleukin-10 (IL-10), granulocyte- 
287
histicola, Prevotella salivae, and Veillonella atypica) ( Figure 4K ). These vectors indicated co-288 occurrence with EGF, IL-10, and IL-1RA ( Figure 4K ). Rothia mucilaginosa, Haemophilus 289 parainfluenzae, Streptococcus australis, and unclassified Neisseria formed a cluster of health-290 associated vectors, and displayed co-occurrence with MCP3 and VEGF ( Figure 4K ). GRO, MIP-291 1b, IP-10, MIP-1a, and IL_8 did not appear to have a high co-occurrence with any taxa (Figure
292
4K). Interestingly, although Streptococcal species did not appear to be large drivers of beta 293 diversity ( Figure 2B ), a number of Streptococcus species did have considerable co-occurrence 294 with host immunological markers ( Figure 4K ). A similar approach was attempted to examine co-295 occurrences between functional pathways and the host markers, but MMvec was developed for 296 taxa-metabolite co-occurrences, and the low dimensionality of the functional pathway data made 297 interpreting the results difficult ( Figure S4 ).
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Assembly of metagenome assembled genomes ( 
312
( Figure 5A ). Further examination of the uSGBs reassigned 15 uSGBs, representing 30 MAGs, to 313 kSGBs, as they had >95% ANI match in GenBank (Table S7 ). 20 uSGBs, representing 50 MAGs,
314
that had 85%-95% ANI match to a GenBank genome were termed genus-level genome bins 315 (GGBs), as the genus can be assigned with a fair amount of confidence, while the species 316 appears to be not previously described. 23 bins, representing 48 MAGs had no match reference 317 in GenBank with an ANI >85%. These were termed family-level genome bins (FGBs), as the 318 family or higher-level taxa can be inferred, but the MAGs likely represent novel genera. Although
319
the GGBs and FGBs on average had lower completion and higher contamination than the SGBs, 320 all MAGs met the MIMAG standard for medium quality genomes (40) and the FGBs actually had 321 a higher completeness and lower contigs/Mbp than GGBs ( Figure 5B -E).
322
PhyloPhlAn2 ( in Table S9 and the phylogenetic trees are provided in Figure 4F (for Saccharibacteria) and Figure   335 S5.
336
GGBs other than the CPR included novel species within the genera Peptostreptococcus, scale, saliva bathes all oral tissues and is generally thought to represent the overall oral 377 composition (7). Differing sampling methods are likely to account for a sizable portion of the 378 variability seen across oral microbiome studies regarding dental caries (7). Another goal of this study was to examine the concentration of host immunological markers present in saliva in caries 380 versus health, and identify microbe-metabolite co-occurrences using a recently developed 381 machine-learning-based tool to examine such relationships in compositional data
382
(https://github.com/biocore/mmvec). This cross-talk between the oral microbiome and host 383 molecules in dental caries, compared to health, is not well characterized.
384
This study examined the saliva of 47 children, 4-11 years old. Twenty-four children had 385 good dental health, while 23 children had at least two carious lesions that had penetrated the 386 enamel into the underlying dentin (³ 2mm deep dentin lesions), representing a relatively advanced 387 disease state (1). Beta diversity of species-level taxonomy was significantly different between 388 the caries and healthy groups. Notably, the canonical cariogenic species, S. mutans, was 389 significantly associated with caries (3 rd most correlated species-level taxa according to supervised 390 methods), but was found in relatively low abundances, and in only 11 of the 47 subjects. This 391 indicates that S. mutans, when present, has a large influence on the pathogenicity of the oral 392 microbiome due to its prodigious capacity to generate insoluble glucans and resultant biofilms (9, 393 26). Other oral microbiome studies have found S. mutans at low abundances (20, 21, 54), and 394 the use of saliva in this study may explain its rarity, and possibly underestimation, here-as an 395 exceptional biofilm-former, it is less likely to be shed from its dental plaque residence into the 396 salivary milieu (55).
397
Both unsupervised and supervised methods showed that Rothia, Neisseria and
398
Haemophilus spp. were associated with health, and several abundant Prevotella spp. (P. histicola, 399 P. pallens, and P. salivae) were associated with disease. Although Prevotella spp. were elevated 400 in disease, they were highly abundant in all the samples, and this correlation was not as dramatic 401 as that of Rothia and Haemophilus with health, indicating that the positive effects of Rothia and
402
Haemophilus may be more important than the negative effects of Prevotella. In a recent study,
403
Rothia dentocariosa and Rothia aeria were associated with good dental health (31), while in 404 another study R. dentocariosa was associated caries (56) (57), are among the first colonizers of the oral cavity after birth 408 (58), and they were indeed largely health-associated in this study. As with Rothia, Prevotella spp.
409
have been associated with both health and dental caries, depending on the study. Our findings 410 are in line with several studies that associated Prevotella with dental caries (21, 59-61), including 411 one that found it was the best predictor of childhood caries (59). These reports were in contrast 412 to a study where Prevotella were enriched in the healthy cohort (62) 
474
Overall, this study provided a plethora of data regarding the oral microbiome during dental 475 caries, and its co-occurrences with host immunological markers. The tools utilized to analyze 476 correlation to between taxa or functional pathways and disease status, as well as host markers,
477
were designed specifically to be robust for the compositional data provided by sequencing. The
478
authors envision the bioinformatics pipelines employed here are a useful template to guide further 479 studies of the oral microbiome. Application of these analyses to larger and more diverse samples 
503
with both primary and mixed dentition stages were included (caries group: 18 children with mixed 504 dentition and 6 with primary dentition; healthy group: 19 children with mixed dentition and 6 with 505 primary dentition). To further enable classification of health status (here caries and healthy), a 506 comprehensive oral examination of each subject was performed as described below. Subjects
507
were dichotomized into two groups: caries free (dmft/DMFT = 0) and caries active (subjects with 508 ≥2 active dentin lesions). If the subject qualified for the study, (s)he was to abstain from oral hygiene activity, and eating and drinking for 2 hours prior to saliva collection in the morning. An 510 overview of the subjects and associated metadata is provided in Table S1 .
511
i. Comprehensive oral examination and study groups. The exam was performed by a single 512 calibrated pediatric dental resident (RA), using a standard dental mirror, illuminated by artificial 
518
(1997) (78). Duplicate examinations were performed on 5 randomly selected subjects to assess 519 intra-examiner reliability. Subjects were dichotomized into two groups: caries free (CF; 520 dmft/DMFT=0) and caries active (CA; subjects with ≥2 active dentin lesions). The gingival health 521 condition of each subject was assessed using the Gingival Index (GI) (79). GI data was published 522 previously (80). Additionally, parent/guardian of each participant completed a survey regarding 523 oral health regimen.
524
ii. Radiographic Assessment. Bitewing radiographs were analyzed on the XDR Imaging Software
525
(Los Angeles, CA). Lesion depth was determined with the measuring tool, and categorized as 526 follows: E1 (radiolucency extends to outer half of enamel), E2 (radiolucency may extend to the 527 dentinoenamel junction), D1 (radiolucency extends to the outer one-third of dentin), D2
528
(radiolucency extends into the middle one third of dentin), and D3 (radiolucency extends into the 529 inner one third of dentin)(81). To calculate the depth of lesion score, the following scores were 530 assigned to each lesion depth: E1 = 1, E2 = 2, D1 = 3, D2 = 4, and D3 = 5, afterwards a total 531 depth score was calculated for each subject.
532
iii. Saliva Collection. Unstimulated saliva was collected between 8:00-11:00am for the salivary 533 immunological markers analysis. Subjects were asked to abstain from oral hygiene activity, and 534 eating and drinking for two hours prior to collection. Before collection, subjects were instructed to rinse with water to remove all saliva from the mouth. In this study, unstimulated saliva was 
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17A, IL-9, IL-2, IL-3, and IL-4, the majority of samples contained levels of the respective molecule 567 below the limit of detection for the assay. Therefore, these salivary immunological markers were 568 not analyzed subsequently. 
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Qurro-produced bar chart illustrating the sorted differential rankings of taxa associated with disease status determined by Songbird (13) 
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or reassigned to SGB (described in Fig. 1 ; orange, r e v o t e l l a m a c u l o s a '   ' A l l o p r e v o t e l l a t a n n e r a e ' 
' A b i o t r o p h i a d e f e c t i v a ' 'S tr e p to c o c c u s a u s tr a li s ' 'L a c t o b a c i l l u s f e r m e n t u m ' ' T r e p o n e m a m e d i u m
